High-temperature copper oxide superconductors consist of stacked CuO 2 planes, with electronic band structures and magnetic excitations that are primarily two-dimensional 1,2 , but with superconducting coherence that is three-dimensional. This dichotomy highlights the importance of out-of-plane charge dynamics, which has been found to be incoherent in the normal state 3,4 within the limited range of momenta accessible by optics. Here we use resonant inelastic X-ray scattering to explore the charge dynamics across all three dimensions of the Brillouin zone. Polarization analysis of recently discovered collective excitations (modes) in electron-doped copper oxides 5-7 reveals their charge origin, that is, without mixing with magnetic components 5-7 . The excitations disperse along both the in-plane and out-of-plane directions, revealing its three-dimensional nature. The periodicity of the out-of-plane dispersion corresponds to the distance between neighbouring CuO 2 planes rather than to the crystallographic c-axis lattice constant, suggesting that the interplane Coulomb interaction is responsible for the coherent out-of-plane charge dynamics. The observed properties are hallmarks of the long-sought 'acoustic plasmon' , which is a branch of distinct charge collective modes predicted for layered systems 8-12 and argued to play a substantial part in mediating high-temperature superconductivity 10-12 .
substantial energy savings associated with the high superconducting transition temperature 16, 17 .
In this Letter, we focus our attention on the enigmatic 'zone centre' excitation previously discovered by Cu L-edge resonant inelastic X-ray scattering (RIXS) in the electron-doped copper oxide Nd 2−x Ce x CuO 4 (NCCO) (x = 0.15) 5, 6 and Sr 1−x La x CuO 2 (ref. 7 ). In a different family of electron-doped copper oxides La 2−x Ce x CuO 4 (LCCO) (x = 0.175), we resolve spectral features that are similar to those of NCCO at representative in-plane momentum transfers q ‖ (red-shaded peak in Fig. 1b, c ), suggesting the universality of this collective mode in electron-doped copper oxides. Speculation about its origin has included intra-band transitions 5 , collective modes of a quantum phase 6 , and plasmons 18 . Although the mode has been suspected to be of charge character, a definitive assessment has not been possible owing to the inability to distinguish between charge and magnetic excitations in previous measurements 19, 20 .
We first identify the character of this excitation by determining the associated magnetic and charge contributions to the RIXS spectra. This can be uniquely achieved by resolving the polarization of both the incident and scattered photons 19 . Namely, magnetic excitations flip spins and necessarily change the angular momentum of the photons in the scattering process, that is, contribute to the crossed-polarization channel (σπ or πσ). Conversely, charge excitations preserve the angular momentum of the photon and contribute to the parallel polarization channel (σσ or ππ). Figure 1d , e shows polarization-resolved RIXS spectra for two different in-plane momenta. At q ‖ = (0.045, 0) the features of the zone centre excitation are fully suppressed for crossed polarizations (σπ) and the spectrum contains only the parallel polarization (σσ) contribution. For larger momentum transfer q ‖ = (0.095, 0) the mode disperses towards higher energy (about 0.8 eV) ( Fig. 1e ) and the well-studied paramagnon excitation [5] [6] [7] 20 emerges on a lower energy scale (about 0.3 eV). As expected, the paramagnon yields spectral weight in both polarizations owing to the mixture of single spin-flip excitation, double spin-flip and incoherent particle-hole charge excitations, whose spectral weight increases with increasing doping concentration 21 . Importantly, the zone centre excitations, which are separated in energy from the paramagnons, still appear only for parallel polarization geometries. Thus, we first conclude that the zone centre excitations are a branch of pure charge modes.
A second insight can be obtained from a comprehensive mapping of the energy-momentum dispersion in all three dimensions of reciprocal space, in contrast to previous RIXS experiments that explored the projected in-plane momentum without focusing on the q z dependence [6] [7] [8] . Figure 2a , b shows the RIXS intensity maps as a function of momentum transfer along the hh-and h-directions (that is, along (0, 0, l)-(h, h, l) and (0, 0, l)-(h, 0, l), respectively) at l = 1 and l = 1.65. We denote Letter reSeArCH momentum transfer h, k, l in reciprocal lattice units (2π/a, 2π/b, 2π/c), where a, b = 4.01 Å and c = 12.4 Å are the lattice constants of LCCO with x = 0.175. For both l, the excitations exhibit an almost linear dispersion emanating away from (0, 0, l) along both the hh-and h directions. Surprisingly, while the paramagnons do not disperse appreciably with different l values (as expected for the quasi-2D magnetic structure of copper oxides), the dispersion of the zone centre excitation becomes steeper and increasingly separated from the paramagnon branch at larger l. This behaviour is highlighted in Fig. 2c . The raw data itself also clearly shows such an l-dependence: the spectral peak shifts to higher energy and becomes broader at the higher l-value for a given in-plane momentum ( Fig. 2d , e, Extended Data Figs. 1, 2).
To further investigate the out-of-plane dependence, Fig. 3a displays the energy-momentum dispersion as a function of l at fixed in-plane momentum transfer (0.025, 0) near the in-plane zone centre. As anticipated, the dispersion is symmetric around the out-of-plane zone centre l = 1 as it is a high symmetry point in reciprocal space. Remarkably, the zone centre excitation continues dispersing towards high energy with further increasing l, insensitive to the next high symmetry point at l = 1.5. In fact, the energy scale of the excitation continues to increase even at l = 1.8, the highest out-of-plane momentum transfer that was accessible in our experiment. We also observe the same peculiar behaviour in our momentum-resolved RIXS measurements on NCCO (see Extended Data Fig. 3 ), suggesting a universal origin of the branch of charge modes from the three-dimensional (3D) nature of the Coulomb interaction in an otherwise layered quasi-2D material.
These results can be rationalized by doubling the out-of-plane Brillouin zone size, implying that the crystallographic unit cell with lattice constant c does not set the periodicity of the zone centre excitation, but rather d = c/2: the nearest-neighbour CuO 2 plane spacing ( Fig. 3b ). Hence, a new index l* in units of 2π/d appropriately describes the Brillouin zone that is 'felt' by the zone centre excitation and establishes the proper periodicity of the dispersion. An obvious mechanism that could induce such a Brillouin zone 'reconstruction' in a quasi-2D system is the interplanar Coulomb interaction.
These striking features are reminiscent of acoustic plasmon bands theoretically proposed in the aforementioned layered electron gas model ( Fig. 1a ), which provides a qualitative fit to the observed zone centre excitation (see Methods and Extended Data Fig. 4 for the fits). To demonstrate the behaviour of collective charge dynamics beyond this weakly correlated layered electron gas model, we perform determinant quantum Monte Carlo (DQMC) calculations for a 2D three-band Hubbard model with an electron doping of x = 0.18 and incorporate three-dimensionality through interplane Coulomb interactions using a random-phase-approximation-like formalism (see Methods). Therewith, we obtain the collective charge response via the loss function −Im(1/ε), where ε is the dielectric function, versus the out-of-plane momentum transfer l*. As shown in Fig. 3c , the calculated dispersions along the l*-direction at the in-plane momenta accessible in our 16 × 4 cluster exhibit the same qualitative behaviours observed in both LCCO ( Fig. 3a ) and NCCO (Extended Data Fig. 3 ). We note that recent calculations using different methods and models have also demonstrated l*-dependent plasmon bands 18, 22 . Although RIXS is not simply proportional to −Im(1/ε) owing to the resonant process 19, 23 , it nevertheless can contain critical information on the loss function, such as the dispersion of excitations. Thus, the agreement between our data and theory lends strong support to the idea of attributing the zone centre mode to plasmon excitations, with momentum-resolved RIXS providing access to its acoustic bands.
Interestingly, the data shown in Figs. 2, 3a indicate that the plasmon peak broadens when approaching the equivalent zone centre (0, 0, l* = 1) along the l*-direction (see also Extended Data Figs. 1c, 3c). In fact, at momentum transfer (0.025, 0, l* = 0.925), that is, close to the equivalent zone centre (0, 0, l* = 1), the plasmon linewidth of approximately 0.5 eV ( Fig. 3a ) is similar to previous transmission EELS reports 15 and optical conductivity measurements at (0, 0, 0) 14 . The increasing incoherence of the mode near the zone centre is consistent 
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with incoherent charge dynamics inferred from c-axis optical conductivity 3, 4 . However, such linewidth evolution appears to be different from the Landau quasi-particle picture in which the plasmon peak should be sharpest at the zone centre where the particle-hole (Landau) continuum is minimal and well separated from the plasmon. Other mechanisms, such as the presence of non-Fermi-liquid-producing interactions, polar interlayer electron-phonon coupling 24 and Umklapp scattering 25 , may reconcile these observations.
We now investigate the acoustic plasmon bands in LCCO as a function of the carrier density, which is nominally the Ce concentration x. We have also verified the systematics of doping concentration among different samples using an internal spectral reference-the dd excitations of RIXS spectra (Methods and Extended Data Fig. 5 ). As shown in Fig. 4a , b, the plasmon bands exhibit a detectable doping dependence. In a naive picture of the free electron model, the plasmon energy is expected to increase proportionally to / *
x m , where m* is the effective electron mass. Consistent with such an expectation the mode energies of x = 0.11 to about 0.15 increase linearly with x ( Fig. 4c ), further substantiating the attribution of the zone centre excitation to a plasmon. However, for higher dopings, the rate of increase slows down and appears to hit a plateau for x = 0.17 and 0.18. This observation suggests a possible variation in the band dispersion or Fermi surface at approximately x ≈ 0.15. Recent Hall-effect measurements on LCCO have indicated Fermi-surface reconstruction due to antiferromagnetic correlations ending at around x ≈ 0.14 (ref. 26 ), corroborating our observation.
We note that our observation appears to be distinct from a recent high-resolution EELS measurement, which reported featureless in-plane charge excitations in a hole-doped copper oxide 27 . This suggests a distinct behaviour of the charge degrees of freedom between electron-and hole-doped copper oxides. However, given the similarities of the layered 2D CuO 2 plane structure between electron-and hole-doped materials, we should expect a similar three-dimensionality in the charge dynamics of the hole-doped copper oxides. Although previous RIXS studies on hole-doped compounds primarily focused on magnetic, orbital and other high-energy excitations 20 , few investigated the region of energy-momentum space necessary to identify and characterize the acoustic plasmon 28 . More detailed RIXS measurements on hole-doped compounds, in both single and multi-layer systems with higher T c , will be able to clarify these issues.
Our observation of 3D plasmon modes indicates that the copper oxides, at the very least, should be modelled as layered 2D systems when describing their charge dynamics, a fact that is often overlooked. This change of perspective has important implications. First, in a 2D doped Mott insulator, the in-plane charge fluctuations are strongly suppressed by the Coulomb interaction. Thus the spin dynamics become the most prominent low-energy excitations, thought to be most relevant to high-T c superconductivity 29 . Our results challenge this view by demonstrating that the low energy charge fluctuations can be quite active owing to the layered structure of the copper oxide. Early theories suggested that acoustic plasmons may be able to mediate pairing 10 , or perhaps more importantly, enhance T c for Cooper pairs bound by other interactions 12 . Second, the Coulomb energy stored between CuO 2 planes can be important and may play a part in the energy savings associated with the superconducting transition 16, 17 . Third, the energy of the plasmon extrapolates to approximately zero at the projected zone centre. This implies a negligible single electron hopping between adjacent CuO 2 planes, leaving the Coulomb interaction as the sole source of interplanar coupling. Such restriction of the charge to the 2D planes may enhance the effects of quantum confinement at the heart of topological theories for superconductivity in copper oxides 30, 31 . However, important questions remain about the impact of the interplanar Coulomb interaction on the electronic structure, the pseudogap and charge-and spin-density-wave orders. In a broader context, our result fits within the general framework that the Coulomb interaction affects charge dynamics in nanoscale heterostructures of 2D quantum materials, including transitional metal chalcogenides and graphene. Manipulating the Coulomb interaction could enable fine-tuning of desired properties of artificial quantum materials, such as plasmonics in nanostructures, with a range of applications from sensors to photonic and electronic devices for communications (for example, see the Plasmonics Focus Issue introduced in ref. 32 ). Dashed lines are linear fits of the mode energy versus x for dopings x = 0.11 to 0.15, constrained by assuming that the mode energy is 0 at x = 0. We note that the rate of increase deviates from linear behaviour and forms a plateau for higher doping, as mentioned in the text. Error bars in this figure are estimated from the uncertainty in energy-loss reference-point determination (±0.01 eV) together with the standard deviation of the fits.
MEthodS
The c-axis-oriented LCCO thin films with Ce concentrations of x = 0.11, 0.13, 0.15, 0.17, 0.175 and 0.18 were fabricated on (100) SrTiO 3 substrates by pulsed laser deposition using a KrF excimer laser. The annealing process was optimized for each x. The superconducting T c of the x = 0.11 and 0.13 films is around 30 K and around 22 K, respectively. The x = 0.175 and 0.18 films did not show a superconducting transition. The NCCO single crystal with Ce concentration x = 0.15 was grown by the travelling-solvent floating-zone method in O 2 and annealed in Ar at 900 °C for 10 h. The T c is about 26 K. The RIXS measurements were performed at beamline ID32 of the ESRF using the high-resolution 'ERIXS' spectrometer. The scattering angle 2θ can be changed in a continuous way from 50° to 150°. The samples were mounted on the 6-axis in-vacuum Huber diffractometer/manipulator and cooled to around 20 K. The RIXS data were obtained with incident σ polarization (perpendicular to the scattering plane, high-throughput configuration). The incident photon energy was tuned to the maximum of the Cu L 3 absorption peak at about 931 eV. The energy resolution was ΔE ≈ 60 meV for the x = 0.11, 0.15, 0.17 and 0.18 LCCO sample and ΔE ≈ 68 meV for the x = 0.13 and 0.175 LCCO and the x = 0.15 NCCO sample. The RIXS polarization-resolved measurements were conducted with a wider monochromator exit slit at a resolution of ΔE ≈ 85 meV in order to partly compensate the reduced efficiency of the polarimeter with respect to the normal configuration. For each transferred momentum a non-resonant silver paint or carbon tape spectrum provided the exact position of the elastic (zero energy loss) line. For the polarimetric RIXS measurements of Fig. 1d , e, σ-polarization incident on the sample was used and the graded multilayer served as analyser of the scattered photons, as explained in detail in ref. 33 . We note that Cu L-edge RIXS is the so-called direct RIXS process, involving the resonant transition from the Cu 2p core level to the − d 3 x y 2 2 orbital, which constitutes the electronic structure near the Fermi energy. The Cu L-edge RIXS is capable of probing a wide range of elementary excitations, including the orbital (that is, the dd-excitations), magnetic excitations, phonons and charged excitations 20 .
In the theory calculations we consider the three-band Hubbard model with the following standard parameters in units of electronvolts: U dd = 8.5, U pp = 4.1, t pd = 1.13, t pp = 0.49, Δ pd = 3.24 (ref. 34 ). Determinant quantum Monte Carlo (DQMC) 35 is used to solve the model on a fully periodic 16 × 4 cluster at a temperature of T = 0.125 eV. For each doping, 512 independently seeded Markov chains with 50,000 measurements each are run. The charge susceptibilities obtained by DQMC are analytically continued to real frequency using the maximum entropy method with model functions determined by the first moments of the data 36 . The inverse dielectric function plotted in Fig. 3c 
where χ ω q ( , ) is the real frequency charge susceptibility obtained from DQMC and the maximum entropy method. The long-range and 3D Coulomb interactions neglected in the three-band Hubbard model are captured by V q . We use the layered electron gas form 37 
where d is the interplane spacing and q ‖ and q z are the in-plane and out-of-plane components of the momentum transfer, respectively. ε ∞ , the sole free parameter of our calculation, is adjusted to give a roughly 1-eV mode for q z = 0 and the smallest non-zero q ‖ = (0.0625, 0); its value is not varied with doping. Fit of the plasmon dispersion in the layered electron gas model. We consider the energy-momentum dispersion of a plasmon mode in a layered electron gas model for momentum transfer q ‖ along the h-direction at fixed out-of-plane momentum transfer values q z (along the l*-direction). Let d be the spacing between adjacent CuO 2 planes and q z d = πl* and ε ∞ be the high-frequency dielectric constant due to the screening by the core electrons. Following ref. 38 , the Coulomb potential of a layered electron gas is: In an isotropic medium it is well-known that the 3D Coulomb potential is e 2 /ε 0 ε ∞ q 2 , while in a 2D plane the Coulomb potential is e 2 /2ε 0 ε ∞ q ‖ . These are the two limits of the above form of the layered electron gas, with V q becoming V q = e 2 /ε 0 ε ∞ q ‖ 2 in the approximation of long wavelengths (q z d << 1 and q ‖ d << 1), and V q = e 2 / 2ε 0 ε ∞ q ‖ for short wavelengths (q ‖ d >> 1, independent of q z momentum).
Here, we use the full form from above and obtain the energy of the plasmon mode by:
With this expression we performed least-squares fits of the plasmon energy dispersion, simultaneously for the datasets of l* = 0.5, l* = 0.825 and l* = 0.9 with the global fitting parameter α, yielding α = 2.06 (Extended Data Fig. 4 ). We note that the layered electron gas model does not include strong correlations, which explains the deviations between the experimental data and the model fit.
Verifying the systematics of electron doping. To confidently plot the doping dependence shown in Fig. 4 , we verified the systematics of electron doping concentration using an internal reference of RIXS spectra-the energy positions of the dd excitations located in the energy range of 1.5-3 eV (Extended Data Fig. 5a ). dd excitations are transitions within Cu 3d orbitals; thus, they are forbidden by optical dipole transitions, but allowed in the RIXS process 39 . Because electrondoping primarily fills the Cu − d 3 x y 2 2 orbital, the energy separation between the Fermi energy E F and other occupied d-orbitals increases with increasing electron doping. As a consequence, the energy position of the dd excitations-which is essentially the energy separation between E F and occupied d orbitals-shifts to higher energy loss in the RIXS spectra (Extended Data Fig. 5a and its inset). This shift should correlate with the nominal Ce doping concentration x, providing an independent verfication of the electron doping among different samples. Indeed, as shown in Extended Data Fig. 5b , all our samples of x = 0.11, 0.13, 0.15, 0.17 and 0.18 correlate well with x, except for the x = 0.175 sample. This indicates that the actual electron doping concentration of the nominally 'x = 0.175' sample might be affected by some change of oxygen composition or local inhomogeneity. Therefore we did not include the x = 0.175 data in Fig. 4 . We emphasize that the qualitative behaviours, that is, the out-of-plane dependence shown in Figs. 1-3 , are the same for all doping concentrations of LCCO and also for the NCCO (Extended Data Fig. 3 ) that were studied in this work. via Gaussian convolution. The anti-symmetrized Lorentizan is used to ensure zero mode intensity at zero energy loss, as explained in the supplementary information of ref. 40 . The peak profiles of the zone centre excitation (plasmon) are shaded in red. b, Full-width at half-maximum (FWHM) of the zone centre excitation (plasmon) as extracted from the fits for momentum transfer along the hh-and h-directions at l* = 0.5, l* = 0.825 and l* = 0.9, corresponding to the fitted peak positions shown in Fig. 2c . Error bars are the standard deviation of the fits. c, FWHM of the zone centre excitation (plasmon) as extracted from the fits for momentum transfer along the out-of-plane direction at h = 0.025. The panel corresponds to the fitted peak positions shown in Fig. 3a . 
